A conformational and vibrational analysis of cisplatin ͓cis-diamminedichloro-platinum͑II͔͒ ͑cDDP͒ is reported. Several theory methods ͑from Hartree-Fock to Møller-Plesset and density functional theory͒ combined with different all-electron basis sets are evaluated, in view of determining the best suited strategy for accurately representing this molecule. This choice is based on the best compromise between accuracy and computational requirements. Different scaling models of the cDDP vibrational modes were tested for obtaining the best scaling factors to be used in this type of inorganic systems. The structural parameters and vibrational results predicted by the calculations are compared with the corresponding experimental data, namely, x-ray structure, and Raman and inelastic neutron scattering spectra. Finally, a complete assignment of the cDDP vibrational spectra is presented.
I. INTRODUCTION
Cisplatin ͓cis-diamminedichloroplatinum͑II͒, cDDP͔ is still among the most widely used drugs in cancer chemotherapy. It displays significant activity against several types of neoplastic disorders, with special success against testicular and ovarian cancers. Despite this remarkable cytotoxic efficacy, patients treated with cDDP suffer from severe side effects and, very often, tumors become resistant to the drug. Aiming to develop more efficient and less toxic agents, which display a broader spectrum of anticancer activity, thousands of new metal-based compounds have been synthesized and tested. These include mono-and polynuclear chelates of platinum ͑II͒, palladium ͑II͒, and other transition metal ions. In this context, the prior understanding of the biochemical mechanisms underlying the structure-activity relationships ruling cDDP activity is fundamental for an effective and rational design of third-generation anticancer drugs.
Vibrational spectroscopy ͓infrared, Raman and, more recently, inelastic neutron scattering ͑INS͔͒ has proven to be one of the most powerful techniques for molecular structure studies. On the other hand, quantum inorganic chemistry has become a general complementary tool that provides a deeper understanding of the structures and corresponding spectra of the systems under study. The usefulness of theoretical calculations to assist vibrational spectroscopy studies has been recently highlighted. 22, 23 With the huge number of available theory levels ͓all-electron ͑AE͒ basis sets and effective core potentials ͑ECP's͔͒ and theoretical approaches ͓Hartree-Fock ͑HF͒, density functional theory ͑DFT͒, and Møller-Plesset ͑MP͒, among others͔, it becomes of particular relevance to perform a systematic evaluation of the successes and failures of each one, in order to select the best method to be used in the study of Pt͑II͒ and other transition metal complexes. In other words, it is important to determine the theoretical method yielding the best accuracy versus computational cost ratio. As the complexity of the system increases ͑namely, when studying polynuclear Pt complexes͒ it is expected that the AE basis sets rapidly become prohibitively expensive in computational terms. Therefore, it is particularly meaningful to find alternatives ͑e.g., ECP combinations͒ capable of yielding comparable accuracies.
To the best of our knowledge, only three reported works compare the efficacy of different theory levels in the study of cDDP. [24] [25] [26] In a first one by Pavankumar et al., 25 the accuracies of different AE basis sets, at the HF, MP2, MP3, and MP4 protocols, were evaluated and compared in the light of some experimental structural parameters and vibrational frequencies. More recently, Wysokiński and Michalska 24, 26 examined the efficacy of different DFT methods, at the ECP theory level, in describing the molecular structure of cisplatin. These authors concluded that the mPW1PW DFT protocol is remarkably superior to the widely used B3LYP. 26 However, only incomplete vibrational assignments of cDDP spectra are to be found in the literature. In fact, none of the reported studies assigns the low-frequency vibrational modes, namely, the NH 3 torsion and the skeletal deformation modes.
In the present study, different theory methods ͑HF, DFT, and MP2͒ combined with different AE basis sets, for describing the nonmetal atoms, are used to predict the molecular structure and vibrational spectra of cDDP. The effectiveness of each theoretical level is evaluated on the basis of the best compromise between accuracy and computational demands. The accuracy of the calculated results is determined via comparison of the calculated values with the experimental ones, namely, the x-ray structural data found in the literature 27 and the recorded vibrational spectra ͓Raman, Fourer transform infrared ͑FTIR͒, and INS͔. The same type of evaluation, regarding different ECP combinations, will be presented in a future publication.
II. EXPERIMENTAL

A. Computational details
All the calculations were performed on a PC cr, using the GAUSSIAN 03W ͑G03W͒ package. 28 Geometries were fully optimized by the Berny algorithm, using redundant internal coordinates, within symmetry constraints. The optimization convergence criteria for the cut offs of forces and step sizes considered were 0.000 015 hartree/bohr for maximum force, 0.000 010 hartree/bohr for root-mean-square force, 0.000 060 bohr for maximum displacement, and 0.000 040 bohr for root-mean-square displacement ͑G03W keyword opt= tight͒. In all cases, vibrational frequency calculations were performed, at the same theory level, in order to verify that the geometries correspond to a real minimum in the potential energy surface ͑no negative eigenvalues͒ as well as to quantify the zero-point vibrational energy correction ͑zpve͒.
For the nonmetal atoms, different AE basis sets, as defined in G03W, were tested: 6-31G͑d͒, 6-31G͑d , p͒, 6-31G͑3df ,2pd͒, 6-311G͑d͒, 6-311G͑d , p͒, 6-311G͑3df , 2pd͒, and 6-311+ + G͑3df ,2pd͒. In all cases the relativistic pseudopotentials developed by Hay and Wadt, 29 in a doublezeta splitting scheme, were used, as implemented in G03W ͑keyword LANL2DZ͒, to describe the platinum atom. This Pt-ECP scheme considers the outermost core electrons ͑5s 2 and 5p 6 ͒ explicitly in the valence shell. Inclusion of a polarization function at the Pt atom, by augmenting the valence shell with an f-function ͑ Pt = 0.993͒ 30 , was also tested.
In order to evaluate the effect of electron correlation ͑known to be particularly meaningful in systems containing transition metal atoms 31 ͒ on the predicted structural parameters and vibrational frequencies, different theoretical methods were considered. Thus, all the AE basis sets were tested at the HF theory level and with two different DFT approaches: ͑i͒ the widely used B3LYP, which includes a mixture of HF and DFT exchange terms and the gradientcorrected functionals of Lee, Yang, and Parr, as proposed and parametrized by Becke, 32, 33 and ͑ii͒ the mPW1PW method, which comprises a modified version of the exchange term of Perdew-Wang and the Perdew-Wang 91 correlation functional. 34, 35 For each DFT method, the effect of two types of integration grids was considered: ͑a͒ a pruned grid of 75 radial shells and 302 angular points per shell ͑G03W keyword grid= 75 302, specifying a FineGrid͒, and ͑b͒ a pruned grid of 99 radial shells and 590 angular points per shell ͑G03W keyword grid= 99 590, defining an UltraFineGrid͒.
Furthermore, the second-order Møller-Plesset perturbation theory ͑MP2͒ was tested, with the smaller AE basis sets 6-31G͑d͒, 6-31G͑d , p͒, and 6-31G͑d͒, and 6-31G͑d , p͒. The obtained values were used as an additional reference for evaluating the quality of the results yielded by the other protocols ͑HF, B3LYP, and mPW1PW͒.
The different theory methods and basis set combinations are collected in Table I along with the corresponding nomenclature used throughout the discussion.
Due to the allowed free rotation of the ammine groups, three geometries-two with C 2v symmetry and one with C s symmetry-were found ͑Fig. 1͒. All attempts made to achieve other geometries ͑namely, geometries displaying all ammine hydrogen atoms lying out of the Cl-Pt-Cl plane͒ failed, as all converged to one of the conformations represented in Fig. 1 .
Evaluation of the theoretical level accuracy. As previously stated, one of the aims of the present work is to find a theoretical method that yields the best theoretical description of the experimental data available for cDDP, at the lowest computational cost possible. The first test for accuracy was based on the prediction of the structural parameters of the system. Two main criteria were used: ͑i͒ individual deviation ͑⌬ i ͒ of each calculated structural parameter characterizing the heavy atoms ͑bond lengths and angles͒ in relation to the corresponding experimental values ͑⌬ i = theoretical value − experimental value͒, and ͑ii͒ overall mean percent difference determined as
where n = number of structural parameters considered and x i = experimental value of a given structural parameter ͑from the reported x-ray data 27 ͒. The performance of the different theoretical levels was then further evaluated by verifying their ability to predict the vibrational frequencies of cisplatin. This was carried out in the light of a balance between two main factors: highest accuracy ͓lowest root-mean-square ͑rms͒ deviation͔ and lowest central processor unit time ͑CPUT͒. In general, the calculated vibrational frequencies are found to be overestimated as compared to the experimental ones. Therefore, the theoretical values are usually scaled by carefully chosen scaling factors. In the present work, three different models have been considered for determining the most appropriate scaling factor for the system studied.
͑1͒ Use of a single scaling factor ͑͒ for all frequencies, determined as
where i and i represent the ith experimental and theoretical frequencies, respectively, and n is the number of vibrational frequencies to be compared. ͑2͒ Use of two different scaling factors ͑ 1 and 2 ͒, one for the wavenumbers lying below 400 cm −1 and another for those above 400 cm −1 , as suggested by Scott and Radom. 36 The two scaling factors were determined in accordance to Eq. ͑2͒. ͑3͒ Use of different scaling factors for different frequency sets ͑ s ͒. In this approach, an individual scaling factor was first determined as
and the different frequencies were grouped by the principle of similar i -values. The sets of scaling factors were determined as
where n s stands for the number of frequencies in a particular frequency set. The effect of considering three and four different sets of vibrational frequencies ͑i.e., three and four different s ͒ was assessed.
Finally, for each approach, the resulting individual and overall rms deviations were determined in accordance to the following:
where stands for i or s , respectively.
B. Vibrational details
cDDP ͑99.99%͒ was purchased from Sigma-Aldrich ͑Sintra, Portugal͒.
Room-temperature Fourier transform Raman ͑FT-Raman͒ spectra were recorded on an RFS-100 Bruker FT spectrometer, using a Nd:YAG ͑yttrium aluminum garnet͒ laser with an excitation wavelength of 1064 nm. Each spectrum is the average of three repeated measurements of 150 scans, at 2 cm −1 resolution.
The FTIR spectra at room temperature were recorded over the 400-4000 cm −1 region on a Mattson 7000 FTIR spectrometer, using a globar source, a deuterated triglycine sulphate detector, and potassium bromide cells. Each spectrum was composed of 32 scans, with 2 cm −1 , resolution and triangular apodization. Table II lists the relative energies ͑uncorrected for zpve͒ calculated for the three optimized geometries found for cDDP, at the different AE theory levels ͑with LANL2DZ augmented with an f-polarization function at the Pt atom͒. Whenever more than one minimum ͑no negative eigenvalue͒ is obtained, the relative energies after zpve correction are included ͑in parentheses͒. The corresponding values calculated without a polarization function at the metal atom, either considering the FineGrid or the UltraFineGrid options, are presented in Tables SII and SIIa ͑supplementary material͒, 37 respectively.
III. RESULTS AND DISCUSSION
A. Conformational analysis
Analysis of the data comprised in Table II shows that the number of minima as well as their relative conformational energies strongly depend on the theory level used. Indepen-TABLE II. Calculated relative energies ͑kJ mol −1 ͒ for the three conformations of cDDP ͑Fig. 1͒, using the all-electron basis sets at the nonmetal atoms and LANL2DZ, augmented with an f-polarization function at the valence shell, at the Pt atom. The calculated values after zpve correction are presented in parentheses when the conformation was found to be a real minimum in the potential energy surface. In the case of the DFT results, the values are those obtained by using the FineGrid option. dently of the basis set, both DFT approaches yield geometry cDDP1 as the single minimum. The type of the basis set used only affects the magnitude of cDDP1 stability relative to the cDDP2 and cDDP3. In the case of the HF and MP2 calculations, in turn, the basis set dependence is also reflected on the number of cisplatin conformers. HF-AE2, HF-AE3, MP2-AE1, and MP2-AE2 theory levels predict cDDP1 as the sole minimum, similarly to the DFT calculations, while splitting of the basis set ͑HF-AE4, HF-AE5, MP2-AE4, and MP2-AE5͒ leads to three close lying minima. With these theory levels, cDDP1 only becomes the lowest-energy geometry when the zpve correction is taken into account. On the other hand, the HF calculations using the AE1, AE6, and AE7 basis sets point to an intermediate situation: cDDP1 and cDDP2 are real minima ͑the former predicted to be slightly more stable͒, and cDDP3 is a saddle point. These results are not affected by the presence or absence of an f-polarization function at the Pt-atom valence shell ͑Table II versus Table SII͒, nor by the type of integration grid, in the case of the DFT calculations ͑Table II versus Table SIIa͒. In fact, adding an f-polarization function to the platinum valence shell only affects the magnitude of the relative energies, the largest effect being observed for the DFT calculations. Changing the type of integration grid leads to a similar but smoother effect.
On the whole, independently of the basis set considered, the DFT calculations yield larger energy differences between optimized geometries, as compared to HF and MP2 approaches. This probably results from a different weight attributed by the distinct methods ͑DFT versus HF and MP2͒ to the H¯H repulsions and the stabilizing effect of the intramolecular N-H¯Cl interactions: the DFT methods giving more relevance to the former effect, while the opposite seems to be the case at the HF and MP2 theory levels.
Finally, it is clear that the number of predicted conformers depends on both the theoretical method and the AE basis set used to describe the nonmetal atoms. This result disagrees from the one reported by Pavankumar et al., 25 who considered that all three geometries ͑cDDP1, cDDP2, and cDDP3͒ correspond to real minima in the cDDP potential energy surface, independently of the theoretical level considered in the calculations.
B. Structural analysis
Table III compiles some selected structural parameters predicted for cDDP1 geometry of cisplatin ͑using LANL2DZ augmented with a polarization function at the Pt atom͒. The ⌬-values for each structural parameter, as well as the ⌬⌬-values ͓Eq. ͑1͒ from the Experimental section͔ obtained TABLE III. Calculated structural parameters ͑distances in picometers and angles in degrees͒ for the lowest-energy minimum predicted for cDDP ͑geometry cDDP1͒, using the all-electron basis sets at the nonmetal atoms and LANL2DZ, augmented with an f-polarization function at the valence shell, at the Pt atom. In the case of the DFT results, the values are those obtained by using the FineGrid option. are presented in boldface. The results using no polarization function at the Pt atom, considering either the FineGrid or the UltraFineGrid, are shown in Tables SIII and SIIIa of the  supplementary material, 37 respectively.  The values from Table III clearly evidence that the MP2 methodology leads to the best overall agreement ͑smallest ⌬⌬-value, in all cases ഛ5.0%͒, while the largest ⌬⌬-values are obtained with the B3LYP protocol ͑in all cases ജ5.6%͒. mPW1PW and HF methodologies yield an intermediate accuracy, the latter giving rise to smaller ⌬⌬-values. The results are also basis set dependent, with AE4 yielding the highest overall accuracy ͑lowest ⌬⌬-value͒ within all four methodologies ͑HF, B3LYP, mPW1PW, and MP2͒.
Comparison of Tables III and SIII shows that considering an f-polarization function at the metal leads only to a slight improvement of the overall accuracy ͑lowering of the ⌬⌬-values͒. The improvement is more pronounced at the MP2 formalism at all theory levels. In contrast, no enhancement of the overall performance is observed by considering the more computationally demanding integration grid ͑Table SIIIa versus Table SIII͒. In fact, the use of the UltraFineGrid option does not affect the description of any of the structural parameters of cDDP.
At this point, it is relevant to assess the accuracy of the different theoretical levels for describing each structural parameter independently, since this type of analysis may lead to several noteworthy observations.
Bond distances. Regarding the Pt-Cl bond length, both the HF and B3LYP methods either overestimate or underestimate this structural parameter, depending on the basis set used. AE1, AE2, AE4, and AE5 yield overestimated Pt-Cl distances, while AE3, AE6, and AE7 give underestimated values. In contrast, mPW1PW and MP2 calculations predict underestimated values, independently of the basis set used to describe the nonmetal heavy atom.
At the MP2 formalism all basis sets give an identical description of the Pt-Cl distance, with ⌬-values not exceeding 1.1 pm. For the HF calculations, the best agreement is achieved when the ͑3df, 2pd͒-polarization function scheme is considered ͑AE3, AE6, and AE7͒. Splitting of the valence shell of the nonmetal atoms ͑AE3 → AE6͒ is responsible for a very slight improvement of the Pt-Cl distance ͑⌬ = −0.9 → ⌬ = −0.6͒. On the other hand, addition of a diffuse function on the nonmetal heavy atoms ͑AE6 → AE7͒ has no effect on this parameter.
Among the DFT protocols, the best Pt-Cl description is achieved with B3L-AE1 and B3L-AE2, and mPW1-AE4 and mPW1-AE5. This suggests that at the DFT theory level the use of the ͑3df, 2pd͒-polarization function scheme leads to a ͑considerably͒ worsening of the theoretical description of the Pt-Cl bond.
Considering the effect of using a polarization function at the metal ͑Table III versus Table SIII͒, it is noteworthy that the largest effect is observed within the MP2 approach. In fact, at both DFT methodologies, the improvements detected are not larger than 1 pm, independently of the basis set considered at the nonmetal atoms. Similar improvements are observed with the HF methodology, for all AE basis sets.
Within the MP2 protocol, in turn, the Pt-Cl distance is significantly decreased ͑by 2.5 pm͒, going from overestimated to underestimated values ͑Table SIII→ Table III͒ . On the whole, it can be concluded that the use of polarization functions to describe the metal valence shell leads to a refinement of 0.3-0.7 pm, depending on the AE basis set used. Concerning the description of the Pt-N distance, it is evident that the mPW1PW methodology yields clearly better results than HF and B3LYP, at all AE levels. As expected, the lowest deviation from experimental values is observed for the MP2 calculations. On the other hand, the Pt-N distance is not as basis set dependent as the Pt-Cl parameter, as all theory levels give rise to overestimated Pt-N distances. In addition, the deviations observed for each of the theoretical formalisms considered ͑HF, B3LYP, mPW1PW and MP2͒ are within a relatively narrow range ͑HF: 10.5-11.3 pm; B3LYP: 9.5-10.5 pm; mPW1PW: 6.9-7.7 pm; MP2: 3.7-4.9 pm͒.
Finally, considering the effect of including a polarization function at the metal ͑Table III versus Table SIII͒, the improvements observed are larger than the ones verified for the Pt-Cl bond length, at all theory levels. As for the Pt-Cl distance the largest improvements are observed with the MP2 approach ͑values ranging from −3.3 to − 3.8 pm͒. Actually, inclusion of an f-polarization function at the Pt valence shell is a requirement to render MP2 calculations significantly more accurate than the HF and mPW1PW methodologies for representing this structural parameter.
Bond angles. Regarding the bond angles, the four protocols yield overestimated Cl-Pt-Cl and N-Pt-N angles, and underestimated Cl-Pt-N values, independently of the AE basis used. The best theoretical-experimental agreement for the Cl-Pt-Cl bond angle is obtained within the MP2 formalism. The two bond angles involving the nitrogen atom ͑N-Pt-N and Cl-Pt-N͒, on the other hand, are clearly better reproduced by the HF protocol. The DFT calculations yield lower accuracy than HF and MP2 in the description of both the N-Pt-N and Cl-Pt-N bonds. However, both B3LYP and mPW1PW lead to slightly more accurate Cl-Pt-Cl angles than HF. Finally, comparing the performance of both DFT methods, mPW1PW yields clearly better results than B3LYP.
The effect of considering a polarization function to describe the metal center is much smoother than that observed for the bond distances ͑Table III versus Table SIII͒. The largest effects are observed for the MP2 protocol, where improvements up to 0.4°are obtained, as opposed to ⌬ഛ0.2°f or the other theoretical protocols ͑HF, B3LYP, and mPW1PW͒.
The calculated structural parameters at the HF-AE1, HF-AE2, HF-AE4, HF-AE5, MP2-AE1, and MP2-AE4 levels are, naturally, very similar to the results obtained by Pavankumar et al., 25 using the same theoretical level ͑theoretical method/AE/ECP͒. The small differences presently found are probably due to the use of tighter convergence criteria than the one in the calculations of Pavankumar et al. Comparison with the results by Wysokiński and Michalska, 26 in turn, shows that the herein calculated values are significantly more accurate, at all theoretical levels considered. In fact, the use of Eq. ͑1͒ for the data predicted by Wysokiński and Michalska ͑which considered ECP's to describe all atoms͒ yields ⌬⌬-values of 6.5% at the HF level, 6.8% at the B3LYP level, and 6.3% at the mPW1PW and MP2 levels, quite higher than the values obtained with the present results. As to the prediction of each structural parameter separately, a better reproduction of all structural parameters but one is achieved in the present work. The only exception is the Pt-N distance, which are presently more overestimated at the HF and DFT levels than in the work of Wysokiński and Michalska.
In short, independently of the theoretical method ͑HF, MP2, or DFT͒, the best overall accuracy, from a structural point of view, is achieved by using the AE4 basis set to describe the nonmetal atoms. Comparing the results obtained with the four AE basis sets tested within all four theoretical methods ͑namely, AE1, AE2, AE4, and AE5͒, it is found that MP2 yields the most rigorous results. However, this theoretical method becomes prohibitive as the system complexity increases, which urges for the use of an alternative theoretical method.
The results from Table III suggest that the best choice is the HF-AE4 theoretical level. However, the mPW1-AE4 level is a good alternative since it yields an overall mean percent difference similar to the one obtained at the HF-AE4 theory level ͑5.2 vs 5.0, respectively͒. This finding is particularly significant as the results using the mPW1PW protocol are less sensitive to the use of polarization functions at the metal than all the remaining methodologies tested ͑Table III  versus Table SIII͒ . Finally, it is to be noted that mPW1-AE1 constitutes a good alternative when computational efforts are to be reduced further ͑e.g., when multinuclear platinum complexes are to be studied͒.
C. Vibrational analysis
Table IV lists the CPUT ͑in minutes͒ required for a vibrational frequency calculation, for each of the different theoretical levels considered. It is not surprising that an improvement of the nonmetal basis set leads to a considerable increase of CPUT. Inclusion of polarization functions at the Pt atom further increases this computational time. Nevertheless, the most pronounced CPUT increase occurs when the UltraFineGrid option is used in the DFT calculations.
These results reinforce the importance of a careful choice of the theoretical level to be used, particularly when large molecular systems are to be analyzed. A satisfactory balance between accuracy and computational demands must be attained. In this context, it is evident that the use of the UltraFineGrid option in the DFT calculations can be ruled out, as it does not lead to a significant improvement of the structural description of cDDP while requiring a considerable increase in CPUT. Figure 2 shows the experimental FT-Raman spectra recorded for solid cDDP, in the 75-1800 and 3000-3600 cm −1 spectral regions. Some regions are expanded in order to allow the visualization of spectral details otherwise undetectable. The wavenumbers presented are the ones used for the accuracy evaluation of the calculated vibrational frequencies ͑discussed below͒. The INS spectra reported by some of us 38 were considered for the very-low-frequency region.
Cisplatin displays 27 vibrational modes, all Raman active. Considering the most stable calculated conformation ͑cDDP1͒, these modes are distributed as 9a 1 +5a 2 +5b 1 +8b 2 . The low-frequency vibrations ͑as well as the corresponding nomenclature used throughout the text͒ are schematically represented in Fig. 3 , as they can give rise to some misleading.
The calculated harmonic vibrational frequencies are known to be usually overestimated relative to the experimental wavenumbers, although some modes, namely, the lowfrequency ones, may be significantly underestimated. Thus, a common methodology used consists in scaling the calculated values. While there is a huge volume of work on the determination of scaling factors for organic compounds, 36, [39] [40] [41] [42] [43] [44] the same kind of studies on inorganic systems are still missing. Aiming to fulfill this gap, different scaling schemes, varying in the number of frequency sets and vibrational frequency TABLE IV. Central processor unit time ͑CPUT͒ required for a vibrational frequency calculation using the all-electron basis sets at the nonmetal atoms and LANL2DZ at the Pt atom. NO and YES stand, respectively, for without and with an f-polarization function at the Pt-valence shell ͑using the FineGrid option in the DFT calculations͒; UFG represents the UltraFineGrid option, in the DFT calculations ͑with no polarization function at the Pt-valence shell͒. grouping, were tested in order to encounter the best scaling factors to be used with a particular theory level. Some of the results ͑scaling factors, vibrational modes comprised in each frequency set, and rms values͒ are comprised in Tables SV-SVg ͑supplementary material͒. 37 Please note that for the three-and four-set grouping schemes ͑Tables SVd-SVg͒ only the scaling scheme yielding the lowest rms is presented.
In all cases, the best theoretical-to-experimental match is achieved with a set of four scaling factors. The use of a single factor, with or without a polarization function at the metal ͑Tables SV and SVa͒, gives rise to very high rms values. The use of two scaling factors ͓one below ͑ 1 ͒ and one above 400 cm −1 ͑ 2 ͒, as suggested by Scott and Radom 36 ͔ does not improve the results ͑Tables SVb and SVc͒. When three frequency sets are used, a considerable improvement is achieved ͑Tables SVd and SVe͒, the most pronounced effects occurring at the HF calculations. Further improvement is gained by considering a four-set frequency grouping scheme ͑Tables SVf and SVg͒, while continuing to increase the number of frequency sets ͑and, consequently, of scaling factors͒ is verified to become insignificant. The improvements achieved by considering f-polarization functions at the metal valence shell are very small ͑Ͻ0.2% ͒.
The results suggest that grouping of the vibrational frequencies among the defined frequency sets is strongly dependent on the AE basis set considered. Moreover, independently of the basis set, the ammine stretching and deformation modes ͑ NH 3 and ␦ NH 3 , respectively͒, and the skeletal in-plane deformation mode ␦ N-Pt-Cl ͑Fig. 3͒ are the most overestimated ones ͑lowest scaling factor͒. In some cases, the Pt-Cl stretching mode ͑ Pt-Cl ͒ is also considerably overestimated ͑HF with AE3, AE5, and AE6; B3LYP with AE1, AE3, and AE4; mPW1PW with AE1, AE2, and AE4; and MP2 with all AE͒.
All theoretical levels lead to significant underestimation of the Pt-N stretching ͑ Pt-N ͒ and of the skeletal in-plane deformation mode ␦ N-Pt-N ͑Fig. 3͒. As to the four ammine rocking modes ͑ NH 3 ͒ and to the third in-plane skeletal deformation mode ␦ Cl-Pt-Cl ͑Fig. 3͒, they are quite accurately predicted by all the theoretical methods. In some cases, despite the four-set scaling scheme, only three scaling factors are required as a -value of 1.0 corresponds to no scaling.
Comparison of Tables SVf and SVg shows that the use of f-polarization functions to describe the metal atom does not significantly affect the rms values. Particularly meaningful is the fact that the smallest AE basis set ͑AE1͒ yields the same overall deviation from experiment as the more computationally demanding AE4 basis set, with both DFT and MP2 protocols ͑Table SVg͒. The highest accuracy is achieved at the B3L-AE1 theoretical level ͑rms= 1.4% ͒. The mPW1-AE1 theory level yields a higher rms value ͑1.7%͒, but it presents the advantage of grouping related modes in the same frequency set ͑e.g., the NH3 deformation modes are scaled with the same scaling factor͒, thus resembling more a traditional frequency grouping. This is particularly significant as transferability of the frequency scaling strategy to other cisplatinlike systems is envisaged.
At this stage it is important to analyze the individual frequency deviations after frequency scaling within the selected theoretical levels ͑HF-AE4, B3L-AE1, mPW1-AE1, and MP2-AE1͒ and corresponding scaling models ͑Table SVg͒. At all four theoretical levels, the largest deviations from experiment are observed for the localized NH 3 and ␦ NH 3 modes, probably as a consequence of the intermolecular N-H¯Cl interactions. In fact, these close contacts, known to occur in the crystal structure of cDDP, 27 are not considered in the presently performed quantum mechanical calculations, and are expected to affect more significantly the localized vibrational modes involving the NH 3 ligands. The effect of these interactions on the predicted vibrational frequencies of cDDP will be analyzed in a future publication.
In order to make a final choice of the most appropriate theoretical level for accurately representing the conformational, structural, and vibrational properties of cDDP, one final accuracy evaluation must be carried out. The performance of the four theoretical levels ͑HF-AE4, B3L-AE1, mPW1-AE1, and MP2-AE1͒ for predicting the very-low vibrational modes-the two ammine torsion modes, NH 3 and Ј NH 3 , and the two skeletal out-of-plane deformation modes, ␥ N-Pt-Cl and ␥Ј N-Pt-Cl ͑see Fig. 3͒ -has to be evaluated. NH 3 , Ј NH 3 , ␥ N-Pt-Cl , and ␥Ј N-Pt-Cl modes. Table VI presents the unscaled values calculated for the four lowfrequency modes using the HF-AE1, B3L-AE4, mPW1-AE1, and MP2-AE1 theoretical levels. The calculated individual scaling factors determined for each mode, using Eq. ͑3͒, are presented in parentheses.
The main conclusion to be drawn is that the B3L-AE1 and mPW1-AE1 approaches require less frequency scaling sets than both HF-AE4 and MP2-AE1. In the two former cases, the two ammine torsion modes ͑ NH 3 and Ј NH 3 ͒ and the out-of-phase skeletal out-of-plane deformation mode ͑␥Ј N-Pt-Cl ͒ can be grouped in the same frequency set, with s = 1.54 ͑an average of 1.55, 1.50, and 1.56͒ for B3L-AE1 and s = 1.52 ͑an average of 1.52, 1.51, and 1.54͒ for mPW1-AE1. In contrast, MP2-AE1 requires the definition of two additional frequency sets ͓ s = 1.65 and 1.99 ͑an average of 1.98 and 2.00͔͒ for these modes, while HF-AE4 requires three additional frequency sets ͑ s = 1.69, 3.37, and 10.24͒.
In what concerns the fourth low-lying mode, the results seem to give some advantage to the mPW1-AE1 theoretical level over the B3L-AE1 one. In fact, at the mPW1-AE1 theoretical level the in-phase skeletal out-of-plane deformation mode ͑␥ N-Pt-Cl ͒ can be included in the previously defined third scaling set ͑ s = 1.00; see Table SVg͒ . In contrast, in the case of the B3L-AE1 results a new scaling set has to be defined with s = 1.05. After scaling the four low-frequency modes in accordance to the scaling scheme described above, the individual deviations of the calculated frequencies do not exceed 2 cm −1 for the mPW1-AE1 method, while for B3L-AE1 the deviations vary between 2 and 6 cm −1 ͑e.g., a 6 cm −1 shift is obtained for NH 3 : 135 cm −1 ϫ 1.54 = 208 cm −1 ͒. In other words, mPW1-AE1 not only allows reducing the number of frequency scaling factors but also yields slightly more accurate results as compared to B3L-AE1.
IV. CONCLUSIONS
In this work, a conformational and vibrational study of the well-known chemotherapeutic drug cisplatin was undertaken, by quantum mechanical calculations. Different theoretical methodologies-HF, DFT, and MP2-and all-electron basis sets, to describe the nonmetal atoms were tested. The best combination between the theory level and the AE basis was determined, in order to achieve an accurate representation of this kind of metal complexes, with an optimal compromise between accuracy and computational cost.
The best compromise between accuracy and computational demands was achieved by the DFT mPW1PW approach coupled to the 6-31G͑d͒ basis set ͓mPW1-AE1; the Pt atom being represented by the relativistic effective core potential LANL2DZ ͑using an intermediate integration grid of 75 radial shells and 302 angular points per shell͔͒.
The result disagrees from the previously reported work of Pavankumar et al., 25 which refers all three geometries as real minima in the cDDP potential energy surface, independently of the theoretical level considered. In fact, depending on the theoretical approach, a sole minimum ͑cDDP1͒ or two different conformers ͑cDDP1 and cDDP2͒ are predicted for cisplatin, varying in the relative orientation of the NH 3 ligands.
The assignments of the cDDP experimental Raman and IR spectra to be found in the literature are still rather incomplete. 25, 26, [45] [46] [47] The present theoretical study allows fulfilling this gap, by yielding a complete assignment of the vibrational spectra of this anticancer drug. The best frequency scaling model and scaling factors were determined, keeping in mind that transferability to the study of other Pt complexes is envisaged. This will hopefully allow us to per-form thorough conformational analysis for these types of systems ͑at an optimal computational cost͒, in view of gathering precious knowledge on their molecular properties. This is essential for understanding the mechanisms underlying antineoplastic activity, in order to develop novel metal-based anticancer agents. ␥ and ␥Ј stand for in-phase and out-of-phase skeletal out-of-plane deformation modes, respectively, and and Ј stand for in-phase and out-of-phase torsion modes, respectively ͑see Fig. 3 for mode description͒.
